We study the collider phenomenology of the extended Higgs sector of the Next-to-Minimal Su- We study the prospects of observing such decays at the 13 TeV LHC, focusing on mono-Higgs signatures as probes of such regions of parameter space. We present results for the mono-Higgs reach in a framework easily applicable to other models featuring similar decay topologies. In the NMSSM, we find that the mono-Higgs channel can probe TeV scale Higgs bosons and has sensitivity even in the low tanβ, large m A regime that is difficult to probe in the MSSM. Unlike for many conventional Higgs searches, the reach of the mono-Higgs channel will improve significantly with the increased luminosity expected to be collected at the LHC in the ongoing and upcoming runs.
I. INTRODUCTION AND MOTIVATION
Weak scale supersymmetry (SUSY) as a solution to the hierarchy problem [1] [2] [3] [4] [5] This is particularly serious in the Minimal Supersymmetric Standard Model (MSSM) (see e.g. Refs. [6] [7] [8] for reviews of the MSSM), where large radiative corrections are required to yield a 125 GeV SM-like Higgs boson. In addition, the MSSM suffers from the so-called µ-problem [9] , i.e. to generate proper electroweak symmetry breaking the dimensionful MSSM parameter µ that appears in the superpotential must be of the order of the electroweak scale rather than the expected cutoff scale of the theory (the GUT or Planck scale).
These problems can be alleviated in the Next-to-Minimal Supersymmetric Standard Model (NMSSM), see Refs. [10, 11] for reviews, which augments the MSSM particle content with a chiral superfield S uncharged under any of the SM gauge groups. In this paper, we consider the scale-invariant NMSSM, where all dimensionful parameters in the superpotential are set to zero, yielding an accidental Z 3 symmetry under which all superfields transform by e 2πi/3 . This singlet field leads to the following additional terms in the superpotential:
where H u , H d are the up-and down-type Higgs doublets and λ and κ are dimensionless coefficients. The µ H u · H d term of the MSSM is forbidden in the scale-invariant NMSSM;
however, an effective µ-term is generated when the scalar component of the field S gets a vacuum expectation value (vev), µ = λ S / √ 2. If the vev of the singlet is induced by the breaking of supersymmetry, S is of the order of the supersymmetry breaking scale, thereby alleviating the µ-problem for low-scale supersymmetry.
Recall that in the MSSM, the tree-level mass term for the SM-like Higgs field is
Z cos 2 2β (90 GeV) 2 . In the NMSSM, the F -term scalar potential leads to an additional tree-level mass term for the SM-like Higgs field proportional to λ 2 ,
and hence the 125 GeV Higgs mass can be obtained without significant fine-tuning (i.e.
without large loop corrections from stops) for a sizable λ > ∼ 0.5 and low values of tan β.
Even larger values of λ < ∼ 2 have been studied in the literature (also referred to as λ-SUSY); these are not perturbative up to the GUT scale but are nevertheless compatible with electroweak precision data for low values of tan β and can successfully incorporate a 125 GeV SM-like Higgs [12] [13] [14] [15] [16] [17] [18] . For such large values of λ, the sensitivity of the electroweak scale to the stop mass scale is reduced by a factor ∼ g 2 /λ 2 [12, 15, 19, 20] , where g ≈ 0.5. Given the current stringent bounds on stop masses from the LHC, such values of λ are appealing because they allow for a higher scale of supersymmetry compatible with naturalness arguments. These considerations motivate the study of the NMSSM in the large singlet-doublet coupling regime 0.5 λ 2.
The scalar components of the additional NMSSM superfield S give rise to a singlet scalar boson H S and a singlet pseudoscalar A S , which mix with their corresponding Higgs-doublet counterparts. Likewise, the fermionic component of S gives a neutralino, the singlino S, which mixes with the other neutralinos, in particular the Higgsinos, whose masses are controlled by µ. Therefore, both the Higgs and neutralino sectors in the NMSSM are larger than those of the MSSM, leading to significantly richer phenomenology. For some recent discussions of Higgs and neutralino phenomenology at the LHC in the NMSSM, see Refs. [14, [21] [22] [23] [24] and references therein. It is worth pointing out here that the most interesting region of parameter space in the NMSSM lies at tan β < ∼ 5 (see Eq. 2 and subsequent discussion), which is a challenging region to probe at the LHC due to the heavy Higgs bosons decaying dominantly into tt [25] [26] [27] . The neutralino sector can also provide a viable dark matter candidate with interesting phenomenology (see e.g. Refs. [20, 22, 24] ); the dark matter aspect of the NMSSM lies beyond the scope of this work.
In this paper, we aim to study the prospects of probing the Higgs sector of the NMSSM in the large singlet-doublet coupling regime 0.5 λ 2. In Section II we review the electroweak sector of the NMSSM. We discuss the parameter regions that can accommodate a SM-like Higgs via alignment and show how significant interactions among the Higgs bosons and electroweakinos (charginos and neutralinos) arise from the term λ S H u · H d . We present the details of our parameter scan in Section III and constraints on our data set from direct
Higgs searches at the LHC in Section IV. Section V contains a discussion of NMSSM specific LHC search strategies in the most interesting regions of parameter space. In Section VI we focus on the mono-Higgs channel and present results of our collider simulation in a framework easily applicable to other models featuring similar decay topologies. These re-sults are interpreted in the NMSSM framework in Section VII. We present our conclusions in Section VIII. Tables of the trilinear Higgs couplings and figures for LHC constraints are pre- sented in the Appendices. Our main results are contained in Figs. 9, 10 (model-independent framework) and Figs. 14, 15 (NMSSM parameter space).
II. ELECTROWEAK SECTOR OF THE NMSSM
We follow the notation of Refs. [10, 13] . The superpotential of the
where we employ the dot-product notation for SU(2) doublets,
In the following, fields written without the hat represent the scalar component. The soft supersymmetry-breaking terms involving only the Higgs scalar fields are 174 GeV. 2 The superscript "NSM" stands for non-SM, to distinguish from the part of the doublet that is SM-like.
into a mostly doublet-like A and mostly singlet-like a S mass eigenstate. In the alignment limit, the singlet-like mass eigenvalues, taking into account the first non-trivial corrections to m
Such approximate formulae are useful to infer possible parameter combinations compatible with physical Higgs spectra; for instance, from the above equations for m (29) and discussion in Ref. [35] ). Furthermore, due to the relationship between M A and µ, the singlinos (m S ∼ 2κµ/λ) and Higgsinos (m H 0 The NMSSM parameters λ and κ induce additional couplings beyond the MSSM within the Higgs sector and between the Higgs bosons and neutralinos, which can change the Higgs collider phenomenology significantly. In particular, apart from decays into SM particles, the branching ratios of (
The couplings
are supressed close to the alignment limit, with the last one strictly vanishing. 
where p (p ) is the incoming momentum of the H NMS (A NMS ). A complete list of the Higgs to Higgs couplings in the Higgs basis can be found in the Appendix of Ref. [35] , and we tabulate them in Appendix A for the convenience of the reader.
The couplings of the Higgs basis states to the neutralino mass eigenstates χ i are
where the neutralino mass eigenstates χ i are related to the interaction eigenstates by
where the N ij are obtained by diagonalizing the neutralino mass matrix given in Eq. (19), and we take N i1 ≈ N i2 ≈ 0 since the bino and wino are decoupled from our analysis.
We stress that several of the above couplings are proportional to λ as they contain the singlet-doublet-doublet structure, which originates from the λ S H u · H d term in the superpotential. Since a 125 GeV SM-like Higgs and naturalness considerations favor large values of λ, these couplings are expected to be significant. 
since stops can give large radiative corrections to the mass of the SM-like Higgs. We set the stop and sbottom mixing parameters
since large third generation sfermion mixing is not necessary to obtain the correct Higgs mass in the NMSSM, and is thus irrelevant for Higgs phenomenology in our region of interest.
The remaining supersymmetric particles are decoupled from our study: we set sfermion mass parameters (except M U 3 , M Q 3 ) to 3 TeV, the bino and wino mass parameters to M 1 = M 2 = 1 TeV, and the gluino mass to M 3 = 2 TeV.
For each parameter set, we scan 10 8 points randomly chosen from linear-flat distributions over the respective parameter ranges, imposing a subset of the constraints implemented in (25) and (26) . For the "light subset", which has lighter Higgs spectra, we find values close to the alignment limit; for the "standard" set, compatibility with the 125 GeV Higgs boson can also be achieved by decoupling, hence the points are more dispersed. The asymmetry of the distribution of points relative to the alignment limit contours reflects the preference for positive κ to avoid tachyonic Higgs masses. See text for details.
the lightest supersymmetric particle (LSP). We also require compatibility with constraints from the Large Electron-Positron Collider (LEP), Tevatron, and searches for sparticles and charged Higgs bosons [42] at the LHC as implemented in NMSSMTools. 
We keep points violating direct Higgs search constraints from (H
and (h SM → A i A i → 4µ) in order to compare the implementation of the constraints in NMSSMTools against our own implementation of direct LHC constraints on NMSSM Higgs bosons (see Section IV). We also keep points violating the flavor physics constraints in NMSSMTools, as it is non-trivial to find combinations of NMSSM parameters simultaneously satisfying theoretical consistency of the spectrum, a neutralino LSP, and flavor constraints, with the justification that additional degrees of freedom in the flavor sector can generally be adjusted independently to achieve compatibility, see discussions in Ref. [45] .
As anticipated in the previous section, we find that points satisfying these constraints, driven particularly by the requirement of a 125 GeV SM-like Higgs, lie close to the alignment limit (Eqs. (25), (26)). This pattern is illustrated in Fig. 1 , where we show the distribution of |µ/M A | vs. tan β obtained from our scans together with contours of the alignment limit. How close the NMSSM parameters are to the alignment values is driven by the Higgs spectrum:
lighter Higgs spectra have NMSSM parameters closer to the alignment limit than heavier spectra. This behavior is evident when comparing the two panels; for the "light subset" Smaller values of λ, |κ| and larger values of tan β lead to a lighter singlet mass (cf. Eq. (28)) and reduce the singlet-doublet mixing (cf. Eqs. (15) and (26)). Furthermore due to values of λ smaller than those preferred by alignment (cf. Eq. (25)), somewhat larger masses of H are preferred, which are controlled by A λ (M A ).
In the following, we provide results based on the combined "standard" and "light subset"
scans. We note that the most relevant LHC phenomenology is obtained for the region of parameter space corresponding to the "light subset" as this tends to give lighter physical states. When referring to points from our scans, we denote the Higgs mass eigenstates by 
IV. CONSTRAINTS FROM DIRECT HIGGS SEARCHES AT THE LHC
We constrain our NMSSM data set with the null-results of a number of direct Higgs searches at the LHC, listed in Table II , by comparing the production cross section times branching ratio in the respective final state with the corresponding bound.
Over the range 1 ≤ tan β ≤ 5 the production cross section of all NMSSM Higgs bosons at the LHC is dominated by gluon fusion. NMSSMTools calculates the ratio of the coupling of the NMSSM (pseudo) scalar Higgs bosons to gluons with respect to the coupling of a SM Higgs of the same mass at next-to-leading order (NLO) in QCD, κ
. We first approximate the gluon fusion production cross section for NMSSM Higgs bosons by
where σ SM ggh is the gluon fusion production cross of the SM Higgs boson, which we calculate at NLO precision with the program SusHi-1.5.0 5 [96] [97] [98] . We validate the gluon fusion cross section thus obtained by comparing it with a sampling of the gluon fusion cross section We show the Higgs production cross section into various channels obtained for our scanned points together with the respective limits from LHC in Appendix B to illustrate the constraining power of the respective searches. We find that the most constraining LHC searches are (ggH/ggA → γγ), (ggH/ggA → τ τ ), (ggH → ZZ), and (ggA → Zh SM ). We also note that our implemented constraints are more stringent than the NMSSMTools implementation of direct Higgs searches, since we take many more searches into account. Generically, points excluded by the LHC tend to have larger |κ| and smaller tan β, λ, |µ|, |A λ |, and |A κ | compared to those that pass the constraints.
As discussed in Section II A, the phenomenology of the NMSSM Higgs sector can differ significantly from that of the MSSM framework. This is illustrated in Fig. 2 , where we show points from our scans passing all constraints listed in Table II 
These non-standard decays include channels such as (A 2 → Zh i ) and (A 2 → χ j χ 1 ). The Hh SM h SM , are suppressed. Regarding channel (c), both H 3 and A 2 contribute to χ 1 χ j production; in general we will be interested in j = 3 due to kinematic phase space considerations for further decays of χ j into χ 1 and lighter Higgs or Z bosons.
A number of specific final states can be employed to search for all these processes.
In particular, channels (a) and (b) generally result in the production of the singlet-like or m A 1 2m t .
In addition to the visible decay channels discussed above, large values of NMSSM couplings λ and κ lead to significant branching ratios for (h i /A 1 → χ 1 χ 1 ) decays much larger than what is possible in the MSSM. Such invisible decay modes lead to mono-Higgs and mono-Z signatures from the diagrams in Fig. 3(a) and Fig. 3(b) respectively, and both mono-Higgs and mono-Z signatures from the diagram in Fig. 3(c) . at the LHC at √ s = 13 TeV, making these channels very promising for collider searches.
The focus of this paper is the mono-Higgs signal, and we leave the investigation of the other channels outlined above to future work.
VI. MONO-HIGGS SIGNATURES
The mono-Higgs signature was first proposed in Refs. [100, 101] The decay chains that give mono-Higgs signatures in the NMSSM are shown in Fig. 7 , where we label them as the "Higgs topology" or the "neutralino topology". The Higgs topology can be realized with Following the analysis in Ref. [110] , we employ the following cuts on our simulated signal events 6 :
• two photons with transverse momenta p T > 25 GeV and pseudorapidity |η| < 2.37, excluding the barrel-end cap transition region 1.37 < |η| < 1.52,
• the invariant mass of the two-photon system satisfies 105 GeV < m γγ < 160 GeV,
• the (sub-)leading photon has p γ T /m γγ > 0.35 (0.25).
To discriminate the signal from background events, Ref. [110] uses the E miss T significance variable, defined as
where the sum in the denominator is the total transverse energy deposited in the calorimeters in the event. For our simulated event samples, we use the scalar sum of the p T of all visible objects from the Delphes output as a proxy for E T .
We show the S E miss T distribution for three benchmark points from our scan in Fig. 8 ; the associated NMSSM parameters and Higgs spectra are shown in Table III . Benchmark point BP 1 has a production cross section close to the background but peaks at a significantly high The stacked background-histogram shows different SM contributions indicated in the legend; see
Ref. [110] for details.
respectively in the background. We assume a systematic uncertainty of 10%, ∆ = 0.1. We find that the optimal S E miss T cut is typically S E miss T 10 √ GeV for small splittings of the involved masses, increasing to S E miss T 15 √ GeV for the largest mass splittings considered.
The resulting reach is shown in Fig. 9 for the Higgs topology and in Fig. 10 for the neutralino topology, where we portray our results as color coding for the minimum signal cross section that satisfies the above criteria. We present our results in this manner so that they can be used to interpret the reach for any model with topologies similar to those shown in Fig. 7 , and not just the NMSSM.
For the Higgs topology (gg → Φ 2 → Φ 1 h SM → χ 1 χ 1 γγ), the reach depends primarily on m Φ 2 , which controls the overall energy scale, and the mass splitting [m
which sets the maximal E miss T in the process. In Fig. 9 we present results for mass spectra that satisfy 300
GeV, and m Φ 1 ≥ 2m χ 1 . We see that cross sections as low as 4×10 −2 fb can be probed. The reach σ min (gg → χ 1 χ 1 h SM ) 100 fb is maintained over most of the parameter space where (m Φ 2 − m Φ 1 ) > 300 GeV, and TABLE III . NMSSM parameters, mass spectra, and relevant branching ratios for the three benchmark points shown in Fig. 8 deteriorates sharply as this mass splitting decreases.
For the neutralino topology (gg → Φ → χ 1 χ 3 → χ 1 χ 1 h SM ), the reach shown in Fig. 10 depends on m Φ , as it controls the overall energy scale, and the mass splittings at the two
Since three independent masses (Fig. 9) , where the 125 GeV Higgs is produced at the primary decay vertex and back-to-back with missing energy.
Overall, our computed reach is roughly one order of magnitude better than that estimated in Ref. [101] which used simplified models and contact interaction terms. The reach is significantly augmented by the SM-like Higgs and the E miss T being produced back-to-back in the Higgs topology in addition to the improved background modeling provided by the ATLAS collaboration.
VII. NMSSM INTERPRETATION
In this section, we apply the results from Figs. 9 and 10 to our NMSSMTools scan, and study the implications for the NMSSM parameter space. In all the plots in this section, we
show the reach for both 300 and 3000 fb −1 of data at the 13 TeV LHC using the monoHiggs signal, with points color coded to show the cross section in terms of the corresponding minimum cross section σ min needed to probe the signal as discussed in the previous section.
In all plots, the color spectrum legend spans 10 −2 ≤ σ/σ min ≤ 1 going from light grey to black, but it should be understood that light grey points include σ/σ min ≤ 10 −2 and black points include σ/σ min ≥ 1.
In Fig. 11 , we show the distribution of points from our NMSSMTools scans accessi- triangle), as the gluon fusion production cross section for the former can be approximately a factor of 2 larger than that of the latter at the same mass. Furthermore, A 1 has a larger branching ratios into neutralinos than h i because the decay of A 1 into pairs of vector bosons is forbidden at tree level. For (gg → A 2 → A 1 h SM ), we find that TeV scale pseudoscalars can already be probed at the 13 TeV LHC with 300 fb −1 of data. We also find that a significant part of parameter space has mono-Higgs cross sections within O(1) of the LHC reach with 3000 fb −1 of data, implying that improved search strategies or an improvement in background rejection can render them accessible. In the remainder of this paper, we combine the reach from all topologies, such that the color coding for each point shows the more promising of the two reaches in the Higgs or neutralino topology from Fig. 7 .
In Fig. 12 , we show the relevant mass splitting ratios for the primary decays of mode giving rise to the Higgs topology, while the y-axis corresponds to the decay mode of the neutralino topology. Decays are kinematically allowed if the ratio of the sum of masses of the decay products to the parent particle is smaller than 1. We observe that the relevant mass splittings for the H 3 decays into the two channels (right panel) are more correlated than the corresponding ones for the A 2 decays (left panel); cf. the discussion of the correlation of Higgs and neutralino masses in Section II A. Recalling the sizable couplings between the Higgs bosons and between Higgs bosons and neutralinos, we find that large branching ratios into these channels are indeed generic in the currently allowed NMSSM parameter space. In We performed a parameter scan of the NMSSM (Section III), demanding a 125 GeV Higgs boson with couplings compatible with LHC measurements. As expected, this picks out the region of parameter space favored by alignment. We then subject this data set to a number of direct Higgs searches at the LHC (Section IV). Points evading LHC bounds generically show large branching ratios into decay modes beyond the MSSM, calling for NMSSM-specific search strategies to target these regions (Section V). While various signatures are possible, we focused on the mono-Higgs channel in the (h SM → γγ) + E miss T final state in this paper.
We studied the prospects of probing topologies yielding mono-Higgs signatures at the 13
TeV LHC with 300 fb −1 and 3000 fb −1 of data. We present out reach results in Figs. 9, 10 as a function of the relevant masses in the decay topologies in Fig. 7 ; these results can be directly applied to any model that allows for such decay chains by comparing our projected reach to the corresponding signal cross section in the model. In the NMSSM (Section VII), we found that 300 fb −1 of data can probe up to TeV scale heavy Higgs bosons, and a significantly larger region of parameter space becomes accessible with 3000 fb −1 . In particular, this search strategy remains effective even in the heavy m A 2 (> 2 m t ), low tanβ regions usually overwhelmed by tt decays (Fig. 14) . In addition, we have also provided an NMSSM benchmark point BP 1 (Table III) for further study.
These results show that the mono-Higgs channel is a powerful search strategy for heavy Note, that we show points from both the "standard" and the "light subset" together. NMSSM points from our NMSSMTools. The color coding shows the signal cross section of our scan points σ in terms of the experimental limit σ Obs as indicated in the legend.
